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Abstract 
Spatially resolved measurements of minority carrier lifetime are a valuable tool to monitor the quality of silicon 
wafers and of single processing steps. Common implementations of this technique generate excess minority carriers 
by scanning the variable focus of a pulsed light beam over the wafer surface. The resulting carrier distribution is 
spatially inhomogeneous; therefore minority carriers diffuse out of the illuminated area. However, most existing 
evaluation models neglect carrier diffusion, and hence overestimate the photogenerated minority carrier concentration 
by several orders of magnitude. This contribution presents a simulation model to calculate the correct local minority 
carrier concentration due to carrier diffusion for variable line and spot focus geometries. Carrier density distributions 
from spatially resolved photoluminescence measurements confirm the results of the model.  
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1. Introduction 
Spatially resolved excess minority carrier lifetime is a valuable indicator of the quality of silicon 
wafers. A widely used method for lifetime mapping scans the sample wafer with a focused light beam for 
generating minority carriers [1, 2]. The resulting spatial carrier distribution is strongly inhomogeneous. 
Consequently, excess minority charge carriers diffuse out of the illuminated area during the measurement, 
leading to a systematic underestimation of the minority carrier lifetime [3-5]. 
Lauer et. al [5] presented a detailed analysis of the microwave photoconductance decay method [1], 
and recommended to use illumination spots larger than the diffusion length. Thus, an erroneous 
evaluation of the measured lifetime is avoided. Accordingly, for samples with minority carrier lifetimes in 
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the millisecond range, the spot size should be in the centimeter regime. Evidently, such large spot sizes 
are in contradiction to the objective of mapping a wafer with high spatial resolution. Correct lifetime 
mapping measurements therefore require a correct quantification of the out-diffusion of photogenerated 
excess minority carriers.  
Transient excess minority carrier lifetime measurements use two steps: In the first step, a radiation 
source locally generates excess minority carriers. In the second step, the excitation is turned off, and the 
time dependent decay of the excess minority carrier concentration is monitored. Lauer et. al. [5] carefully 
investigated the time dependent influence of carrier diffusion on the local lifetime measurements, but did 
not take into account that carrier diffusion also affects the initial excess minority carrier distribution under 
steady state illumination.  
This contribution quantifies the effect of carrier diffusion on the excess minority carrier concentration 
for line and circular focused steady state illumination. The continuity equation is solved numerically for 
one-dimensional diffusion under steady state conditions. The excess minority carrier concentration across 
the illuminated area declines by up to three orders of magnitude for a circular focus as narrow as 10% of 
the minority carrier diffusion length. Photoluminescence measurements on a silicon wafer under similar 
illumination conditions confirm the simulation results.  
The paper is organized as follows: Section 2 defines the procedure and assumptions of the numerical 
model, while Sect. 3 presents the experimental setup of the photoluminescence (PL) measurements. 
Section 4 compares experimental PL data with the simulated minority carrier profiles, and Sect. 5 
discusses consequences for common lifetime testing and mapping. 
2. Numerical simulation 
2.1 Line focused illumination 
Figure 1a shows the geometry of the simulation. Line focused irradiation perpendicular to the surface 
plane xy illuminates the wafer. The beam has an infinite length along the y-axis with a defined width w, 
inducing photogeneration of excess minority carriers in region R2 only. The generation rate G(x) = G0 
takes into account only photogenerated excess minority carriers and neglects any thermal generation. We 
assume a constant excess minority carrier concentration n according to a constant generation rate G0 
over the whole wafer thickness. The given symmetry leads to excess minority carrier diffusion solely 
along the x-axis. All regions R1 to R3 are characterized by the same injection independent recombination 
rate 
2L
DnnU   (1) 
 
with the minority carrier diffusion constant D and the minority carrier diffusion length L. 
The continuity equation [6] 
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with the elementary charge q and the minority carrier diffusion current density 
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determines the local excess minority carrier concentration n(x). In steady state, the local excess 
miniority carrier concentration 
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is time independent and Eq. (2) simplifies to 
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Generation as well as recombination occur in region R2, while only recombination takes place in regions 
R1 and R3. 
Figure 1b visualizes the impact of local photogeneration G(x) on n(x). If the entire wafer surface is 
homogeneously illuminated in steady state, no carrier diffusion occurs. In steady state, the generation rate 
G equals the recombination rate U, yielding the excess minority carrier concentration 
0
2
0
hom GD
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denotes the excess minority carrier lifetime [6].  
For line focused illumination and for the erroneous assumption that the carrier diffusion current is Jdiff 
= 0, the excess minority carriers would be located only in the illuminated region R2 (x1 x x2) with the 
concentration determined by Eq. (6). In reality, minority carriers will diffuse away from the illuminated 
area due the inhomogeneous spatial carrier distribution with the diffusion current in Eq. (3). 
Perpendicular to the line focused illumination, n(x) decreases exponentially with the minority carrier 
diffusion length L in regions R1 and R3. At infinite distance from the illuminated area, the excess minority 
carrier concentration  
0)(xn ,  (7) 
0)(xn ,  (8) 
must decrease to zero. Charge conservation demands that both with and without carrier diffusion, the total 
amount of photogenerated excess minority carriers  
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is constant. Finally, when the wafer volume and surface are free of local recombination centers, as for 
example for grain boundaries, the diffusion current must be continuous at every position x. We solve Eq.
(5) numerically using COMSOL [7] and taking into account the boundary conditions given by Eq. (7 to
9).
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Fig. 1. (a) Simulation geometry for line focused illumination. The surface plane xy of the wafer is illuminated with a line focus in 
region R2. As the wafer thickness is neglected, the given symmetry reduces the minority carrier diffusion to one-dimension along the
x-axis; (b) For full area illumination, the excess minority carrier concentration calculates to nhom. For local illumination in region 
R2, if carrier diffusion is neglected, the excess minority carrier concentration is again nhom, but carriers are located only in region 
R2. For local illumination in region R2 and taking into account carrier diffusion, minority carriers diffuse out to regions R1 and R3. 
Due to charge conservation, the local excess minority carrier concentration is reduced, thus n(x) < nhom.
2.2 Circular focused illumination
Figure 2 shows the geometry of the simulation for circular focused illumination. For symmetry reasons,
the equations are formulated in polar coordinates. The center of the illuminated wafer area is at r = 0 and 
the radius equals r = w/2. Similar to the case of line focused illumination, the thickness of the wafer is 
neglected assuming a homogeneously distributed excess minority carrier concentration n throughout the 
wafer thickness. The given symmetry leads to minority carrier diffusion solely along the radial r-axis. For 
both regions R1 and R2 the same injection independent recombination holds, as given in Eq. (1).
For polar coordinates, the continuity equation in steady state rewrites to
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such that in region R1 there is both minority carrier generation and recombination, whereas in region R2
there is only recombination. At infinite distance from the illuminated area, the excess minority carrier 
concentration 
(a) (b)
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0)(rn   (11) 
must decrease to zero. Charge conservation demands that for both cases with and without carrier 
diffusion, the total number of photogenerated excess minority carriers  
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is constant. We apply the boundary conditions stated in Eq. (11-12) and solve Eq. (10) using COMSOL 
[7]. 
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Fig. 2. Simulation geometry for circular focused illumination in polar coordinates. The surface plane of the wafer is illuminated with 
a circular focus in region R1. Excess minority carrier generation occurs only inside the defined circular focus. As the wafer thickness 
is neglected, the given symmetry reduces the minority carrier diffusion to one-dimension along the radial r-axis. 
3. Experimental setup 
Figure 3 presents the photoluminescence (PL) setup which verifies the dependence of the local excess 
n(x) on the beam width w and the minority carrier diffusion length L. 
Laser radiation of  = 800 nm wavelength hits the sample through a homogenizer which distributes the 
photon density evenly on an area A = 5×5 cm2. The laser illuminates the sample wafer through a mask 
with a tunable slit width w. The mask shades the wafer such that the illuminated area is similar to a line 
focus. Independent of the slit width w created by the mask, the absorbed photon density in the wafer 
remains the same. The InGaAs camera captures the spatial distribution of the PL intensity under steady 
state illumination (x,y). For later measurement processing, we use only a line scan (x) at the center of 
the image. 
To make full use of the dynamic range of the PL camera and to exclude non-linearity effects, exposure 
times texp in the range of milliseconds are individually set for each measurement. Thereby constant laser 
illumination intensity assures constant generation rates for the measurements m1 to m4 in figure 4. The 
laser irradiation is periodically switched on and off, whereby the off-time is set longer than the on-time to 
avoid heating of the sample. Each illuminated image meas(x) with active laser is followed by a dark 
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background correction image bg (x) captured while the laser is switched off. The cycle is repeated 100 
times to minimize noise.  
The final PL intensity profile  
expt
xx
x
bgmeas
100
1
100
1 100100
  (13) 
is free of background noise and normalized to its individual exposure time texp.  
The sample under investigation is a passivated p-type Si wafer with constant lifetime   650 μs for 
carrier concentrations 1013 cm-3  n(x)  1016 cm-3, deduced from quasi steady state photoconductance 
(QSSPC) measurements [8]. The constant lifetime ensures that the minority carrier diffusion length L n) 
n. Polished wafer surfaces avoid image blur due to stray light. 
The beam width w is adjusted with w = ±50 μm. The wafer thickness is dwafer = 250 μm. 
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Fig. 3 -length laser homogeneously illuminates a silicon wafer through a 
defined slit opening w of a mask. A camera obtains the photoluminescence image of the radiative recombination inside the wafer. 
The resulting inhomogeneous intensity distribution originates from one-dimensional carrier diffusion perpendicular to the line 
focused illumination 
4. Results 
Figure 4 shows the normalized spatial PL intensity distribution derived from a line scan in the center 
of the PL images. The measured PL intensity 
xnxnNTBCx Aopt      (14) 
is proportional to an optical scaling factor Copt, the temperature dependent radiative recombination 
coefficient B(T) and the product of electron and hole concentration [9]. In case of a p-type doped silicon 
wafer, the hole concentration is defined by the acceptor doping concentration NA + p(x) and the electron 
concentration n is equal to the excess minority carrier concentration n(x). Due to the optical excitation, it 
holds that n(x) = p(x). For low level injection p(x) << NA, Eq. (13) simplifies to  
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xnNTBCx Aopt    .  (15) 
Instead of measuring absolute excess minority carrier concentrations, we devide all measurements by the 
PL intensity measured for full area illumination. We therefore take an image of the illuminated wafer  
homhom nNTBC Aopt    ,  (16) 
without shading it with a mask (w   The resulting normalized intensity profile 
homxxnorm   (17) 
of the PL measurements directly compares with the normalized excess minority carrier distribution 
 homnxnxnnorm   (18) 
which results from the numerical simulation. 
Figure 4 demonstrates a good agreement between the simulated carrier distribution nnorm(x) and the 
measured PL intensity distribution norm(x) over two orders of magnitude. The slope of the measured 
datasets m1 to m4 as well as the position of the maxima at x = 0 are well reproduced by the simulations s1 
to s4. The decay along the x-axis outside the illuminated region is exponential for each measurement, 
corresponding to a constant minority carrier diffusion length  
mm 31.
ln
dx
xnd
L normPL .  (19) 
 
This value is in good agreement with the minority carrier lifetime  = L2/D  650 μs deduced from 
QSSPC measurements [8] with the carrier diffusion constant D = 27 cm2/s. 
The slit width w of the mask opening varies from w1 = 20 mm down to w4 = 0.5 mm. The 
measurements m1 to m4 demonstrate the excess minority carrier concentration at x = 0 decreasing to 
0.95 nnorm for w  5 mm. With smaller slit widths 5 mm > w  0.5 mm, n(x=0) decreases to 
0.2 nnorm(x=0). The dynamic range of the InGaAs camera provides a measurement range of nearly three 
orders of magnitude. Higher signals would saturate the camera and lower signals are lost in the noise 
floor. 
The measured PL intensities norm(x) in the highlighted low intensity region, which are systematically 
higher than the simulated excess minority carrier concentration nnorm(x), are a measurement error. The 
error stems from reflections within the imaging optics of the PL camera. Additional experiments verify 
this origin of the systematic low intensity deviations, but are not presented in further detail here. The 
parasitic reflections can be reduced by increasing the distance between camera and sample, i.e. lowering 
the angle of incidence. At the same time, however, the spatial resolution declines.  
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Fig. 4. Spatial PL intensity distributions norm(x) for line focused illumination. As the focal width drops from w1 = 20 mm to w4 = 
0.5 mm, the PL intensities decrease from m1 to m4. The solutions s1 to s4 of the numerical simulation according to Eq. (5) map the 
corresponding minority carrier distributions nnorm(x). The highlighted data deviating from the numerically simulated decay of 
nnorm(x) are a measurement error due to reflections in the PL camera optics.  
Figure 5 compares simulation results for line focused and circular focused illumination so that the 
width of the line focus is the same as the diameter of the circular focus w. The simulation of the spatial 
excess minority carrier concentration nnorm(x) is conducted for the minority carrier diffusion length L = 2 
mm. The maximum of the excess minority carrier concentration at x = 0 shows a stronger dependency on 
the focus width w for circular focused than for line focused illumination. The spatial decay for line 
focused illumination is mono-exponential and proportional to the diffusion length L. The spatial decay for 
the circular focused illumination follows a stronger decay dependency.  
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Fig. 5. Comparison of minority carrier distributions for line focused and circular focused illumination. The simulation assumes a 
diffusion length L = 2 mm. The focus of the linear illumination has the same width as the diameter of the circular focus w. The drop 
in minority carrier concentration at x = 0 is significantly higher for a circular focus due to out-diffusion into two dimensions. 
5. Discussion 
Local illumination results in a decrease of the excess minority carrier concentration n(x) compared to 
homogeneous full area illumination nhom due to carrier diffusion. The experimental data in figure 4 
demonstrates good agreement with the presented one-dimensional simulation. The reduction of the excess 
minority carrier concentration at the center of the line focused illumination, n(x = 0), depends on the 
ratio of the illumination width w and the minority carrier diffusion length L of the sample. Systematic 
parameter variations in the simulation have shown that samples with higher diffusion length L result in a 
greater reduction of n(x = 0) compared to full area illumination nhom for the same illumination width w. 
Outside the illuminated area, the spatial excess minority carrier concentration n(x) for line focused 
illumination follows an exponential decay according to the minority carrier diffusion length L. 
Consequently, the experimental setup introduced in figure 3 provides a method to determine the local 
minority carrier diffusion length of a sample using photoluminescence without any calibration. 
As shown in figure 5, circular focused illumination leads to even stronger reduction of n(x) compared 
to line focused illumination. The typical setup for microwave detected photoconductance decay 
measurements [1,2] for measuring minority carrier lifetime uses spot illumination to locally generate 
excess minority carriers. As already pointed out by Lauer et al. [5], minority carrier diffusion during the 
transient phase of a photoconductance decay measurement leads to an underestimation of the minority 
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carrier lifetime . As also already pointed out by Schmid et al. [4], the illumination focus should be 
chosen large enough to avoid any influence of carrier diffusion. If, however, one wishes to map a high 
lifetime wafer with high spatial resolution, small focus diameters are necessary. In this case, the excess 
minority carrier concentration n will be decreased compared to full area illumination and a new 
evaluation method is needed to calculate n(x). The correct carrier concentration n(x) is determined 
using the suggested one-dimensional numerical simulation in this work as long as certain restrains are 
kept in mind: The simulation calculates n(x) for an injection independent diffusion length L( n) = L. 
Simulation and reality agree as long as the neglected wafer thickness does not lead to a large deviation in 
n(x) as a local average over the wafer thickness.  
6. Conclusion 
Experiment and simulation have shown good agreement in the determination of the local excess 
minority carrier concentration for line focused illumination. Line focused steady state illumination leads 
to a decrease in the excess minority carrier concentration n(x) as soon as the minority carrier diffusion 
length L is in the range of the width of the line focus w. The effect is even stronger for circular focused 
steady state illumination. Therefore, care must be taken when evaluating lifetime measurements based on 
local spot illumination [1,2]. The presented one-dimensional numerical simulation gives a good approach 
to the true spatial excess minority carrier concentration n(x) for line focused and circular focused 
illumination. We are currently working on an analytical solution for the one-dimensional diffusion 
geometry in order to directly implement the correct n(x) in a lifetime evaluation method. Further work is 
necessary to determine a critical wafer thickness from which the thickness cannot be neglected any more. 
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